Abstract: Although steel slag exhibits cementitious properties, the addition of steel slag in cement is still limited due to both the presence of excess iron oxides and instability of free lime and periclase. This paper proposes a method for oxidizing molten slag in air, aiming at extraction of superfluous wustite and stabilization of free lime and periclase. Mineralogical characteristics of raw slag and modified products were examined using X-ray diffraction (XRD), scanning electron microscopy equipped with backscattered electron imaging (SEM-BEI), energy dispersive spectrometry (EDS) and thermogravimetric analysis (TGA) with differential scanning calorimetry (DSC). Thermodynamic calculations were performed to aid to discuss the experimental results. The results indicate that non-magnetic wustite and periclase are transformed into magnetic spinel (magnetite/ magnesioferrite) after oxidation. Temperature has a significant effect on the formation of spinel. The mass fraction of free lime decreases from 3.54 wt.% to 0.96 wt.% as a result of the conversion from free lime to calcium ferrite.
Introduction
Steelmaking slag, which is produced when molten steel is separated from impurities, is a by-product of the steelmaking industry. The amount of this slag is approximately 12-20 % of the steel yield. Dumping of the slag occupies large areas and always results in serious environmental problems, considering that less than 45 % of the steel slag is reused in China [1, 2] . Therefore, technologies for recycling slag are in urgent need [3] .
Steel slag, which contains approximately 10-35 % iron and its oxides [4] , such as wustite (FeO) [5] , magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ), can be considered a potential source of metals for use as an iron ore supply. Apart from the potential use of steel slag for iron reduction, the cement industry can also use slag a supplementary material for replacing part of raw materials. The dicalcium ferrite (C 2 F), tetracalcium aluminoferrite (C 4 AF), tricalcium silicate (C 3 S) and dicalcium silicate (C 2 S) in slag are beneficial to the cement industry [6, 7] , whereas free lime (f-CaO), periclase (MgO) and excess wustite are unfavorable. The presence of free lime and periclase leads to highly problematic swelling; meanwhile excess amounts of wustite damage the mechanical properties of slag cement. Because the mass fraction of wustite in most Chinese steel slag is too high for utilization as cement, considerable work has been conducted on this topic [3, 8] . The iron that is present in steel slag can be recovered using many approaches, such as oxidation of the molten slag by CO 2 gas [9] , carbon reduction [10, 11] and magnetic separation [12, 13] . However, the first two methods require substantial energy and are not ecofriendly, and the latter is inapplicable for nonmagnetic substances [14] . A sustainable approach for separating superfluous wustite in slag was proposed by Zhang et al. and Semykina et al. [15] [16] [17] [18] . This approach consists of transforming the non-magnetic wustite into magnetic magnetite by oxidation, followed by magnetic separation of the magnetic part. Zhang et al. presented the oxidation mechanism of CaO-SiO 2 -FeO x slag with high iron content in a pure oxygen atmosphere [15] . Studies on the CaO-SiO 2 -FeO and CaO-SiO 2 -FeO-MnO systems, followed by kinetic modeling and thermodynamic calculations, were performed by Semykina et al. [16] [17] [18] . However, considering that Chinese steel industry steel slag contains 5-8 wt.% MgO in most cases [19] , these studies did not place much emphasis on the oxidation of steel slag in a quaternary CaO-FeO-SiO 2 -MgO system, and the stabilization treatments of free lime and periclase during the oxidation process were not mentioned.
In addition to the extraction of iron and iron oxides from steel slag, many approaches have also been reported for enhancing the properties of slag, such as chemical [20] , thermal [21, 22] or mechanical methods [23] , aiming at better utilization of steel slag in the cement field. However, these techniques are defined as "back-end modification approaches", where additional chemical activators and energy are essential, and the modification leads to varieties of minerals and chemical compositions of slag [24] .
Herein, considering the above reasons, we focus on the oxidation of molten slag, explore a method for converting superfluous wustite in steel slag, and attempt to utilize stabilization treatments of free lime and free periclase [25, 26] . Industrial slag was utilized as the modifying material, and a quaternary CaO-FeO-SiO 2 -MgO system was considered as the modifying system. Thermodynamics calculations of the oxidative modification were conducted using FactSage 6.4 to aid the discussion of the experimental results.
Experimental Materials
The steel slag was supplied by the Ning Steel Group (Ningxia, P.R. China), which was generated from the BOF process in the iron and steel factory. This study mainly focuses on the non-magnetic part of the steel slag which are rich in FeO. Pre-magnetic separation was utilized to remove magnetic iron-containing substances like entrapped iron droplets and magnetite, etc. The slag which had been subjected to the following treatments was referred to as the raw slag: homogenized, quartered, milled down to < 0.3 mm and magnetically separated to reduce the amount of metallic iron.
The chemical compositions of the raw slag are presented in Table 1 , which indicates that the raw slag is primarily composed of calcium oxide, iron oxides, magnesia and silica. These results are in good agreement with the literatures [27] [28] [29] . The slag is substantially consisted of CaO, SiO 2 , FeO and MgO. Hence, the slag system should be considered as a FeO-CaO-SiO 2 -MgO quaternary system rather than a FeO-CaO-SiO 2 ternary system.
Processing
Slag samples, 50 g in each batch, were placed in an alumina crucible in the furnace (BLMT, Luoyangshi Bolaimante Test Electricity Furnace Co., Ltd, China). The furnace temperature was measured using a Rh/Pt thermocouple with an accuracy of ± 3°C. To ensure homogeneity, the slag samples were premelted at 1500°C under a purified argon atmosphere, then after an isothermal time of 20 minutes, the samples were cooled to the desired temperatures range (between 1250°C and 1350°C) at a preplanned cooling rate (5°C/min). After the desired temperature was reached, the atmosphere in the furnace was switched from argon to air, and the latter was injected into the furnace for 30 min with a flow rate of 7.5 L/min. The gas mixture was introduced into the reaction zone by an alumina pipe with an inner diameter of 5 mm. After heating, the slag was cooled in the furnace under an argon atmosphere at the maximum possible rate (25°C/min).
Analysis
The compositions of the slag after modification were assessed by X-ray fluorescence spectroscopy (X-ray Fluorescence, Rigaku ZSX-100e). The minerals in the raw slag and in the oxidized products were identified by X-ray diffraction (XRD-6000 Shimadzu, Japan) using Cu K α radiation within the 2θ range of 10-80°and a scanning step size of 0.02°. The morphological observations of the slag were performed on polished thin specimens using scanning electron microscopy (SSX-550, Shimadzu, Japan) with energy dispersive spectrometry (EDS). The magnetic flux density of the slag was measured using a digital gauss meter (CH-3600, CH-Hall Electronic Devices Inc., China). The TG-glycol method was developed to determine the free lime content in the slag [30, 31] .
(1) The mass fraction of total calcium in the slag was measured using the glycol method. Granules of the slag (2 g) were dissolved in 25 mL of glycol, and then the mixture was heated in an 80-90°C water bath, followed by magnetic stirring for 30 min. Centrifugation was performed to separate the supernatant liquid mixture, to which deionized water, hydrochloric acid, triethanolamine, sodium hydroxide and calcium indicator were added. The color of the solution transformed from red to blue during EDTA titration. The mass fraction of calcium (including free lime and calcium hydroxide) in the slag could be calculated based on the volume of EDTA consumed during the titration. (2) The slag was heated to the desired temperature (900°C) at a rate of 10°C/min under flowing purified argon. The mass fraction of calcium hydroxide in the slag was calculated referring to the loss of water using thermogravimetric analysis (TGA) with differential scanning calorimetry (DSC, NETZSCH Scientific Instruments Trading, Germany) via the TG method. Hereafter, the mass fraction of free lime could be calculated according to eq. (1).
The oxidation thermodynamics of the slag were investigated using FactSage 6.4 (Thermofact CRCT Ltd., Montreal, Canada) with the Fact PS and FToxide databases Heating microscope (LeitzWetzlar, Germany) was employed to evaluate the liquidus temperature of the investigated slag ( Figure  1 ). Fine ground samples were agglomerated into small briquettes (2 mm diameter and 3 mm height) by using a specified mold. The briquette prepared was placed on a flat alumina pan and introduced into the hot zone of a horizontal tube furnace. Both ends of the furnace were closed with a transparent quartz plug to achieve atmosphere control and imaging. The synthesis air flow was maintained throughout the process. The sample was heated to 600°C at 15°C/min and thereafter 10°C/min up to the flow temperature of the sample. The imaging settings are automatically performed according to preset parameters. The dimensional change is monitored by analyzing the profile of the sample and the change in sample size is calculated accordingly. In addition, the hydration of oxidized slag was studied for up to 72 h at 25 ± 1°C using an isothermal calorimeter (TAM Air, Thermometric AB, Sweden). The specific surface area of the oxidized slag was about 457 m 2 /kg.
Results and discussion
Phase compositions
Raw slag
The XRD pattern of the raw slag is presented in Figure 2 , which demonstrates that the raw slag is well crystallized because of the sufficient cooling period. The XRD result reveals that C 2 S in β form is the main phase in the raw slag. It is well known that C 2 S exists in four well-established polymorphs: γ, β, αʹ and α. During cooling from elevated temperature, C 2 S in α form converts to C 2 S in β form at approximately 630°C, then transforms to γ-C 2 S at lower temperature [22] . The conversion of β-C 2 S to γ-C 2 S is accompanied with an increase in volume and leads to spontaneous disintegration of slag. The presence of metastable β-C 2 S in the raw slag is due to the high FeO content which acts as a stabilizer preventing the disintegration [32] . Iron is distributed in the form of dicalcium ferrite as srebrodolskite, wustite and hematite. Moreover, elemental iron can also be detected. Magnetic separation is almost inapplicable for the raw slag due to the lack of ferromagnetic substances. Note that diffraction peaks corresponding to lime and periclase are present, and the instability of these components is the main reason why raw slag is not appropriate for use in cement.
Modified slag
The XRD pattern of the modified slag is presented in Figure 3 . Dicalcium silicate in αʹ form, dicalcium ferrite, magnetite, hematite and magnesioferrite are identified. The absence of free lime and periclase is highlighted. Compared with the minerals in the raw slag, αʹ-C 2 S is dominant in the oxidation products. During cooling from elevated temperatures, there is a conversion from αʹ-C 2 S to β-C 2 S at 725°C. In contrast, the presence of metastable αʹ-C 2 S in the oxidized products is attributed to the rapid cooling rate. Temperature appears to have a pronounced influence on the formation of magnetite, magnesioferrite and hematite. The characteristic peak of hematite appears at approximately 1250°C, accompanied with that of magnetite and magnesioferrite.
In an oxygen-rich condition, wustite can be oxidized to magnetite (Reaction 2), followed by the formation of hematite (Reaction 3 forward). As soon as temperature rising, hematite becomes unstable and begins to dissociate to form magnetite (Reaction 3 backward). Thermal temperature of pure hematite dissociated is at 1350°C [33] . However, this temperature is probably affected by the addition of other compositions in the slag system. [34] . According to Phillips B, the transformation temperature from hematite to magnetite slightly decreases followed by adding lime in system [35] . In this investigation, the elevated temperature facilitates show magnetic properties. There is no obviously differences in crystal structure between magnetite and magnesioferrite, thus it is difficult to distinguish magnetite and magnesioferrite by means of X-ray diffraction. The intensities of the diffraction peaks corresponding to magnetite and magnesioferrite increase between 1250°C and 1300°C and then slightly decrease at 1350°C.
Microstructures
Backscattered SEM with EDS was conducted to investigate the microstructures of the modified slag. To further analyze the nature and characteristics of the oxidized slag, the nature of transverse and longitudinal sections of the oxidized product at 1300°C are shown in Figure 4 . In the transverse section of the oxidized slag (Figure 4(a) [41] . As mentioned early, both magnetite and magnesioferrite are ferromagnetic substances, and they are the main components of the spinel phase. The crystallization of magnesioferrite in the slag tends to attach to magnetite; thus, they are optically indistinguishable from each other [36] . Moreover, the XRD results reveal the conversion from wustite and periclase to magnetite and magnesioferrite, resulting in a significant decrease of free periclase in the slag. The dark gray domain in the SEM images of the slag has a grain size of 2-6 μm. The EDS analysis ( analysis (Marked 3) indicates that the light gray domain mainly contains Ca, Si, Fe and O, and the n CaO /n SiO2 ratio is approximately 1.9. Combined with the XRD results, it can be inferred that the light gray domain is composed of dicalcium silicate with a small amount of merwinite.
In the longitudinal section of the oxidized slag (Figure 4(b) ), the presence of dicalcium ferrite, calcium silicate, magnesioferrite, magnetite and pores is also observed. Calcium silicate is observed to have a grain size of 15-40 μm in the longitudinal section. The compositions of modified slag analyzed by XRF are shown in Table 3 . A slightly increase in the contents of Al 2 O 3 and trace amounts of Mn are observed, which is potentially due to contamination from the crucible [43] .
Magnetic measurements
The amounts of magnetic substances can be evaluated based on the magnetic flux density value, which are listed in Table 4 for the raw slag and the modified products. The value of the magnetic flux density is a vector, where the absolute value and sign indicate the strength and direction of the magnetic field, respectively. The value of the magnetic flux density of the raw sample is so low that it is inapplicable for magnetic separation due to the non-magnetic phases in raw slag (Figure 1) . Following oxidation, an obvious increase in the value of magnetic flux density of the modified samples implies that there is a significant transformation from a non-magnetic phase to magnetic phases. Table 4 shows that an increase of temperature from 1250°C to 1300°C is followed by an increase in the magnetic flux density value. Subsequently, the magnetic flux density value slightly decreases as the temperature increases from 1300°C to 1350°C due to the disintegration of spinel phases. The results of magnetic measurements are in agreement with the XRD results. Figure 5 presents the TG-DSC curves of the raw slag and the modified slag. The decomposition temperature of calcium hydroxide is between 400°C and 550°C, whereas C 2 S, C 3 S and fayalite (CFS) decompose in the temperature range from 550°C to 800°C [30] . As shown in Figure 5 (a), a significant endothermic peak appears in the temperature range from 371.7°C to 422.9°C, which is the decomposition temperature range of calcium hydroxide. Another endothermic peak at approximately 700°C is also observed in Figure 5 (a), which is caused by the partial decomposition of C 2 S according to the XRD results of the raw slag. Referring to the calculation using eq. (1), the mass fraction of free lime in the raw slag is 3.54 %. Free lime in raw slag leads to issues for use in the cement industry, and the mass fraction of free lime of > 1.0 % in the slag is unacceptable for cement addition (GB/T21372-2008, Portland cement clinker).
Mass fraction of free lime
In the modified slag, there is a transformation from free lime to dicalcium ferrite after oxidation. Dicalcium ferrite, which is extremely stable, is a solid solution that consists of dissolved calcium oxide and hematite. Figure 5(b) presents the TG-DSC curves of the modified slag. The absorption peak corresponding to the decomposition of calcium hydroxide is not observed, which indicates the absence of calcium hydroxide in the modified product. Notably, the TG-DSC curve of the raw slag shows mainly Table 2 : EDS results of the modified samples, corresponding to Figure 4 . Table 3 : XRF results of the modified samples. Table 4 : Magnetic flux density of the samples.
Raw samples
Modified samples at different temperature (°C)
  
Magnetic flux density (mT) −. −. −. −. endothermic events, whereas that of the oxidized product exhibits exothermic events instead. The endothermic characteristic of the raw slag is probably caused by oxidation of the unstable domain during the TG-DSC experimental process. According to the calculation using eq. (1), the mass fraction of free lime in the modified product ( Figure 5(b) ) is less than 0.96 %, which indicates that the modified slag could be utilized as a raw cement material.
Thermodynamics analysis
Thermodynamics calculations were conducted to further investigate the mineralogical characteristics of the oxidized products and to explain the reaction mechanism of the oxidative transformation in details. Figure 6 presents the results of thermodynamic calculations which are conducted based on the following conditions: -Temperature interval: 700-1600°C.
-Pressure: 1 atm, the activities of partial oxygen pressure is 0.21. According to the thermodynamic calculations, as shown in Figure 6 , α-C 2 S exhibits a relatively high melting point and precipitates from liquid slag initially. C 2 S in α form is converted into αʹ-C 2 S at approximately 1400°C, followed by the crystallization of spinel (magnetite/magnesioferrite) and dicalcium ferrite. The temperature ranges of spinel occurred are 1100-1400°C, while the presences of dicalcium ferrite are observed at temperature ranges 1100-1300°C and 700-900°C, respectively. Notably, the decreases in spinel contents are always accompanied by the increases in dicalcium ferrite contents at elevated temperatures. Calcium ferrite (CaFe 2 O 4 ) and merwinite initiate to crystallize below 1100°C along with the presence of dicalcium ferrite. From the thermodynamics predictions, temperature has a significant effect on the mass fractions of the spinel phases. As the temperature increases above 1087°C in an oxidizing atmosphere, the formation of spinel occurs in the slag system. However, as the temperature reaches approximately 1273°C, the mass fraction of spinel begins to decrease due to the formation of the liquid phase, which explains the decrease in spinel contents at temperature above 1350°C with respect to the XRD results (Figure 3) .
In addition, the powder slag was pressed into small briquettes and then heated in synthesis air to continue imaging to capture swelling, deformation and melting phenomena. The silhouette sample area changed as a function of temperature is shown in Figure 7 . The sample shade alteration as the temperature increases are shown on the right hand side of Figure 7 . The image (a) displays briquette at ambient temperature, and the images (b), (c) and (d) are for deformed briquette, hemisphere deformed sample and completely melted sample, respectively [44] . The relationship between temperature and the change of silhouette sample area is manifested on the left side. No swelling is detected before 1239°C. As the heating temperature rises, the briquette shows gradual swelling followed by melting above 1338°C. The experimental liquidus temperature is higher than theoretically liquidus temperature calculated using FactSage 6.4, because a small amount of elements in the steel slag such as Mn, Al, et al., is not included in the thermodynamic prediction.
The emphasis of the oxidation process is placed on obtaining spinel and avoiding the formation of hematite, for which the oxidation temperature exerts a significant influence. Murphy et al. suggested that lime in the slag prefers to combine with silica to generate tricalcium silicate and dicalcium silicate; then, residual lime combines with iron oxide to produce a dicalcium ferrite phase or calcium aluminoferrite phase [45] . The thermodynamic calculations also demonstrate that in the slag system, dicalcium silicate is generated first, and then dicalcium ferrite occurs, followed by the formation of magnetite and magnesioferrite.
Oxidation mechanism
The oxidation process of steel slag could be simply considered as the following steps (Figure 8 ), which has been proved in our previous investigation [25] :
The initial step is occurred as the oxidant gas let in. At this period, the oxygen molecules begin to impinge on the slag surface leading to the oxidation of wustite in the slag. This procedure is usually carried out rapidly during whole oxidizing process [16] . (2) Chemical reaction At this period, magnetite and magnesioferrite begin to form via the combination of divalent iron, magnesium and oxygen atoms. The layer of spinel appears in the surface and becomes thick gradually followed by the increase of the oxidizing time.
In the last stage of the spinel formation, it is difficult to let the divalent iron atom in the bottom to be further oxidized, owing to the increasing thickness of product layer. As the oxidizing duration is more than 40 min, diffusion would dominate the formation of spinel. The ionic radii of oxygen, divalent iron and magnesium are 140 pm, 76 pm and 65 pm, respectively. Due to the relatively large radius, the mobility of the oxygen atom is worse than that of divalent iron atom and magnesium atom.
The mean free path of oxygen molecules can be estimated by the following equation [17] :
where λ is the mean free path of the oxygen molecule; P is the pressure; d is the diameter of the oxygen molecule; κ is the Boltzmann constant; and T is the temperature. According to eq. (4), the mean free path of the oxygen molecule is 1.48 × 10 −11 m. The surface morphology of the modified slag at 1300°C is shown in Figure 9 . The diameter of the pores obtained from the SEM micrograph was approximately 1-5 × 10 −6 m. Thus, the pores are sufficiently large to ensure the diffusion of oxygen molecules during the oxidation process.
Hydration heat evolution
The rate of heat evolution of raw slag and oxidized slag is presented in Figure 10 (a). The first peak of the curve corresponds to the rapid heat release period relating to the partial dissolution of slag [2] . For S R , S O-1250 , S O-1300 and S O-1350 , the values of the first peak are 4.87 mW g and S O-1350 exhibit better hydration than that of raw slag. The primary cementitious phase in investigated slag is C 2 S, meanwhile the presence of C 2 F exhibits beneficial effect on the hydration of slag [46] . Slower cooling rates allow cementitious phases in slag to crystallize much better than those of oxidized slag under quenching process, thus the activity of raw slag is much lower.
Conclusions
(1) Thermodynamics analyses of the steel slag at different temperatures in air suggest the feasibility of transforming the non-magnetic constituent of wustite to magnetic magnetite and magnesioferrite. The XRD, SEM and EDS analyses of the modified slag confirm the formation of magnetic phases. (2) Temperature appears to have pronounced influence on the formation of magnetite, magnesioferrite and hematite. Hematite becomes unstable and begins to dissociate to form magnetite with a heating temperature above 1250°C. As the temperature continues to rise, the mass fraction of spinel begins to decrease due to the formation of a liquid phase. (3) The mass fraction of free lime is significantly reduced by the oxidation process. Free lime transforms into stable dicalcium ferrite, whereas periclase converts into magnesioferrite. The mass fraction of free lime decreased from 3.54 wt.% to 0.96 wt.%, which was attributed to the formation of dicalcium ferrite.
